Abstract-The experimental data on methane fluxes into the atmosphere from Fennoscandian lakes is analyzed. The contribution made by the lake network of this northern region to the atmospheric methane budget is estimated as 320 ± 23 KtCH 4 per year. From 16 to 37% of the annual methane emission from Fennoscandian lakes is carried out by methane produced during the ice cover period. The methane fluxe rate from studied lakes is estimated as 2.6 ± 0.2 gCH 4 m -2 yr -1
INTRODUCTION
Globally lakes cover 5.4 × 10 6 km 2 , which is about 3.7% of the surface area of the continents [1] . Despite the small surface area of the Earth occupied by lakes, these water bodies play an important role in the global and regional carbon cycles [2, 3] . There is an accumulation of organic matter in the bottom sediments of lakes. As a result of this process, part of atmospheric carbon is removed from the global cycle. At the same time, lakes emit greenhouse gases into the atmosphere and, in particular, they represent one of the largest natural sources of atmospheric methane. The methane flux into the atmosphere from the world's lake network is estimated at 47-140 MtCH 4 per year [4] , which is 24-27% of the global methane emission from natural sources.
Methane in lakes is a result of organic matter decomposition of bottom sediments by microorganisms in the anoxic conditions. Methane formed in the bottom sediments is partially absorbed by a number of lake microorganisms in bottom sediments and on sediments surface [5] . Methane formed at the bottom of lakes can be emitted into the atmosphere through diffusion, ebullition (bubble flux from sediments) and vascular plants growing at shallow parts of lakes (plant-mediated flux) [6] . In case of a diffusion transport some methane is oxidized by methane-oxidizing bacteria in the lake water column, which leads methane emission to decrease. In case of ebullition the oxidation of methane in the lake water column does not occur. The share of the methane bubble flux in its total emission from northern lakes over the warm season (ice-free period) can exceed 80% [3, 7, 8] . On some lakes there is no bubble emission of methane at all [7, 9] . Vascular plants growing in the shallow-water part of lakes take methane formed in the bottom sediments by their roots and release it through their leaves into the atmosphere [6] . Methane emission from the shallow parts of some lakes by vascular plants can exceed 90% of the annual methane emission from lake shallow water [10, 11] . The methane emission from lakes essentially depends on the amount of organic matter in the bottom sediments and on the physico-chemical properties of the lake water column [5] . Field studies have shown that the methane flux per unit area into the atmosphere from the deep-water part of the lakes is usually much less than the similar flux from the shallow-water part [8, 11, 12] .
The methane emission from lakes occurs continuously over the warm period. For many lakes in temperate latitudes with a distinct stratification of water column, a brief but intense efflux of methane into the atmosphere have been recorded during the autumn turnover of lake water [6, 13] . Methane production in the northern lakes occurs also in the ice cover period before the freezing of the lake and its bottom sediments. Many tundra and boreal lakes remain unfrozen during the winter and methane production in these lakes occurs all year-round. The methane formed in the ice cover period accumulates in the lake water, partially freezes into ice and is intensively emitted into the atmosphere during a short period of ice thaw and spring lake mixing [14] [15] [16] [17] . The spring methane flux into the atmosphere from particular lakes reaches 84% of the annual methane emission from them [15] . However, in some lakes there is no significant methane emission during ice thaw due to the activity of methaneoxidizing bacteria in the water column of these lakes over the winter and early spring periods [13] .
Latitudes between 45° and 75° N are characterized by the highest density of lakes [1] . In recent years, much attention has been paid to studies of the role of these lakes in carbon cycle at global and regional levels [3, [18] [19] [20] . In this paper, we analyze the experimental data on methane emissions from Fennoscandian lakes and estimate the contribution of the lake network in this vast northern region to the atmospheric methane budget.
MATERIALS AND METHODS
Territory of Fennoscandia ( Fig. 1) includes the Scandinavian and Kola peninsulas, territories of Finland and Karelia. In this study, Karelia is considered without the water areas of Onega and Ladoga lakes. There are tundra, forest-tundra and forest zones in the Fennoscandian territory [21] . Tundra zone is represented by landscapes of arctic and alpine (high-mountain) tundra, forest-tundra zone is represented by forest-tundra plant communities of the Kola and Scandinavian peninsulas. Forests of Fennoscandia are subdivided into zones of boreal forests (north-, middle-and south-taiga forests), mixed broadleavedconiferous forests and broadleaved forests.
The area of Fennoscandia is 1.5 million km 2 and 9% of its territory is occupied by lakes [22, 23] . The largest areas of lake coverage for the territory of Fennoscandia are typical for Finland and Karelia-10 and 12% respectively [23, 24] . In the region under consideration glacial and tectonic lakes predominate. Most of Fennoscandian lakes have a small area of water surface. For example, in Finland about 56 thousand lakes have a surface area over 0.01 km 2 , whereas there are more than 134 thousands lakes with an area less than 0.01 km 2 [24] , in Karelia only 2% of lakes have an area over 1.0 km 2 [23] . A number of water bodies in the territory of Fennoscandia are reservoirs that are created on lakes and rivers. Due to the peculiarities of geological structure and relief of the region, when reservoirs were created additional flooded areas remained insignificant. Two large reservoirs in northern part of Finland Lokka (area 417 km 2 ) and Porttipahta (area 214 km 2 ) are an exception. When they were created, significant territories were flooded, more than 65 and 32% of which were occupied respectively by peat deposits and mineral soils [25] . The mineralization of organic matter found at the bottom of these reservoirs leads to more intensive methane emission from these reservoirs in comparison with natural lakes. Without loss of generality in this article reservoirs are included in the lake network of the region.
For this study, lake areas were obtained from water body database collected by the Finnish Environment Institute (http://www.syke.fi), Swedish Meteorological and Hydrological Institute (http://opendataview.smhi.se), Norwegian Water Information System (http://vann-nett.no). Lake networks for the Kola Peninsula and Karelia were analyzed on the basis of GIS technologies and satellite imagery MODIS available from the EarthExplorer portal of the US Geological Survey (https://earthexplorer.usgs.gov). According to the used databases, in the territories of Norway and Sweden lakes with a surface area from 0.01 and 0.001 km 2 respectively were taken into account. Spatial resolution of satellite images MODIS allows to take into account water objects with an area from 0.06 km 2 . In the database of lakes in Finland, water bodies with a surface area of more than 1.0 km 2 are mainly considered, and smaller lakes are partially taken into account. Areas of Finland lakes with a surfase area up to 1.0 km 2 were refined according to data [24] . Information on the lake network and the geographical distribution of the natural zones (biomes) for Fennoscandia was processed using the ArcGIS software package.
In this study, the lakes are grouped into five size classes: small lakes have the surface areas less than 0.1 km 2 , middle lakes have the surface areas 0.1-1.0 and 1.0-10 km 2 , large lakes have the surface areas 10-100 km 2 and more than 100 km 2 . The contribution of the Fennoscandian lake network to the atmospheric methane budget was estimated on the basis of published data on methane fluxes into the atmosphere from the lakes in various regions of Finland and Sweden and of field research data obtained at the lakes of Paanajarvi National Park in Republic of Karelia. Calculations of the annual methane emission from lakes of Fennoscandian natural zones were carried out on the basis of the lake network areas and durations of the emission period in these zones. When calculating the annual methane emission from forest lakes of the region, the deepwater and shallow-water areas of lakes were taken into account. In this paper, as in [26] , the methane emission period characteristic of the natural zone under consideration is the growing season of this zone, i.e. period with a daily mean near-surface air temperature no less than 5°C.
RESULTS AND DISCUSSION
Natural zones of Fennoscandia, their climatic characteristics and lake covers. Analysis of cartographic information on European vegetation [21] showed that about 64% of the territory of Fennoscandia is occupied by boreal forests. Tundra and forest-tundra land-scapes cover more than 26% of the area under study. Zones of mixed and broadleaved forests represent about 10 and 1% of the Fennoscandian territory respectively.
The main climatic characteristics for natural zones of Fennoscandia were calculated from the data taken by 62 meteorological stations located in the different natural zones of the study territory for the period from 1994 to 2014 (Table 1) . Mean annual near-surface temperature varies from -1.0 to 3.4°C in northern regions of Fennoscandia and from 6.5 to 8.2°C in southern regions. For the territory under study, the warmest and coldest months are July and February, respectively. The average annual total precipitation increases from 500 mm for tundra in the north-eastern part of the territory under study to 860 mm in broadleaved forests in the south-west of the region. The growing period lasts 100-130 days in tundra zone and increases to 210-250 days in zones of mixed and broadleaved forests for the territory.
Calculated surface areas for the lake size classes in Fennoscandian natural zones are given in Table 2 . 
Territories of northern taiga, southern taiga and mixed forests of the region have the largest areas of the lake cover (11-13%). Lakes cover 4, 7, and 8% of territories in the forest-tundra zone of Kola and Scandinavian peninsulas and in the middle taiga forests zone, respectively. The smallest areas of the lake cover (2-3%) in the region are typical for tundra and broadleaved forests. Methane fluxes into the atmosphere from subarctic lakes of Fennoscandia. Measurements of methane fluxes into the atmosphere from subarctic lakes of Fennoscandia were carried out near the Abisko Scientific Research Station (68°21′ N, 19°02′ E; Sweden) [15, [27] [28] [29] [30] [31] . Over the warm season diffusive methane fluxes from small lakes of the district into the atmosphere varies from 4.5 to 69.1 mgCH 4 m -2 d -1 [15, 27] with average value 21.7 mgCH 4 m . According to [28] the diffusive methane flux from the largest lake Tornetrask (area 345 km 2 ) of the district is about 7% of the mean methane emission from small and middle lakes of the district which was estimated at 12 ± 8 mgCH 4 m -2 d -1 [30] . Taking into account these data, we estimated the diffusive methane flux from large lakes in the northern part of Fennoscandia as 0.9 mgCH 4 m
. According to [29] during the warm period the share of bubble emission in the methane flux into the atmosphere from subarctic lakes of Sweden varies from 46 to 81% and average value is 64%. The short-term spring methane effluxes during the ice thaw into the atmosphere for lakes of this region are 3-84% [15, 27, 30, 31] (average value is 37%) of annual methane emissions from these lakes.
The obtained estimate for the diffusive methane flux from small lakes in the subarctic region of Fennoscandia is comparable to the average values of diffusive fluxes from small lakes in the north of Yakutia (22.6 ± 17.9 mgCH 4 m -2 d -1 according to [32] ) and in tundra and forest-tundra of Alaska (21.2 ± 11.6 mgCH 4 m -2 d -1 according to [20] ). At the same time, the obtained estimate is significantly higher than the median values for diffusive methane fluxes from small lakes in forest-tundra of Western Siberia according to [20] ) and exceeds the median for methane fluxes from tundra lakes of Canada (1.4 mgCH 4 m -2 d -1 according to [34] ). The obtained estimate of the average share of the bubble methane flux in the total methane emission over the warm season for lakes of the study region lies in the ranges of bubble methane emission reported for arctic lakes of Canada (20-65% [34] ) and for tundra and forest-tundra lakes of Alaska (9-90% [20] ). Calculated average value of spring methane efflux into the atmosphere from subarctic lakes of Fennoscandia is close to the upper boundary of the range of methane emissions during the ice thaw from northern lakes of Alaska (4-26% of annual methane emissions from lakes [20] ).
Methane fluxes into the atmosphere from boreal lakes of Fennoscandia. Measurements of methane fluxes into the atmosphere from boreal lakes in Fennoscandia were carried out over deep-water parts and shallow-water areas with and without vegetation. According to [10, 12, 23] middle lakes with a surface area of 0.1-1 km 2 have the largest shallow-water parts among Fennoscandian boreal lakes (Fig. 2) . According to [6, 7, [35] [36] [37] -1 on large lakes. The diffusion methane flux in this emission can be 1-22% [41] . Several studies [7, 9, 11, 16] showed that the share of bubble methane flux to methane emission over the warm period from boreal lakes of the region can vary over a wide range (0-86%) and their average values are 42 and 21% for the deep-and shallow-water parts of lakes respectively. According to [42] fraction of bubble methane flux in diffusion-bubble methane emission over the warm period from shallowwater parts of southern taiga lakes can be estimated at 56-79%. It should be noted that data on the methane fluxes from lakes Lokka and Porttipahta are not taken into account in calculations of average values for the diffusive and bubble emissions of methane from boreal lakes. According to [9, 13, 25, 43, 44 ] the short-term spring methane efflux during the ice thaw into the atmosphere from boreal lakes of the region vary from 0.01 to 3.5 gCH 4 m -2 , which are 4.0-64.5% (average value 16.4%) of the annual methane emission from these lakes. Studies [11, 44] showed that methane emission over the ice cover period from shallow-water parts of boreal lakes through vascular plants are 11-16% (average value 13%) of the annual methane emission from these parts of lakes.
The according to [45] ), from small lakes of northern taiga and middle lakes of southern taiga in Alaska (18.7 ± 0.5 and 17.1 ± 1.3 mgCH 4 m -2 d -1 respectively, according to [20] ). A wide range of changes for the share of the bubble methane emission in the total methane emission over the warm season for boreal lakes of the study region was also observed on boreal lakes of Alaska (0-81% [20] ) and Western Siberia (19-37% [33] ). The obtained value of the spring methane efflux into the atmosphere from boreal lakes of Fennoscandia is less than values of methane emissions during the ice thaw from boreal lakes of North America (40-44% of annual methane emission from lakes [14, 46] ).
Methane fluxes into the atmosphere from mixed forests lakes of Fennoscandia. Measurements of methane fluxes into the atmosphere from lakes of the Fennoscandian mixed forests zone were carried out over the warm seasons in southern Sweden. Methane flux into the atmosphere by diffusion from the surface of small with average value of 2.9 mgCH 4 m -2 d -1 . The diffusive methane emission from large lakes for natural zone under study was estimated by us as 1.9 mgCH 4 m -2 d -1 using values of methane fluxes into the atmosphere from Tämnaren lake (area 38 km 2 ) [48] . Based on [7, 8, 42 ] methane fluxes by ebullition into the atmosphere from lakes of the Fennoscandian mixed forests zone are 56-91% of total methane emission from these lakes over the warm period and the average values are 71 and 80% for the deep-and shallow-water parts of lakes respectively. It follows from [10, 41] [49] ). Significant variation in the bubble methane emission from lakes of mixed forests of Fennoscandia is typical for forest lakes of other regions, for instance, Wisconsin lakes (11-80% [6] ).
The contribution of Fennoscandian lakes to the methane budget of the atmosphere. Using data on the methane emissions from lakes in the subarctic region of Sweden, annual methane emissions from lakes of the various size classes for tundra and forest-tundra zones of Fennoscandia are calculated (Fig. 3) . It follows from the obtained results that lakes with a surface area less than 0.1 km 2 are intensive sources of methane in tundra and forest-tundra zones of Fennoscandia. Annual methane emissions from lakes of this size class lie within the range from 9.5 to 16.2 gCH 4 m -2 . The contribution of tundra and forest-tundra lakes of Fennoscandia to the methane budget of the atmosphere is estimated as 73 KtCH 4 per year, in which the portion of methane emissions from lakes in forest-tundra zone of the Scandinavian Peninsula is 80% (Fig. 4a) .
Based on methane emissions from the deep-and shallow-water parts of lakes for boreal zone of Fennoscandia, the annual methane emissions from lakes of northern, middle and southern taiga for the region under study are estimated (Fig. 3) . It is worth noting that when calculating annual methane emissions from large lakes in the northern taiga, we took into account our estimates of the annual methane emissions from Lokka lake and Porttipahta lake (9.2 and 0.2 KtCH 4 per year respectively) which were obtained based on [25] . According to our calculations, in boreal forests zones of Fennoscandia small lakes are also the most intensive sources of methane per unit area than lakes of larger size classes. Methane emissions from these lakes range from 4.3 to 6.1 gCH 4 m -2 yr -1 . Note that methane fluxes from small boreal lakes into the atmosphere are lower than the methane emissions from small lakes in tundra and forest-tundra zones of the region under study. The contribution of boreal lakes in Fennoscandia to the methane budget of the atmosphere is about 183 KtCH 4 per year, with the largest share (about 38%) in methane emissions from northern taiga lakes (Fig. 4a) .
Using estimates of methane emissions from the deep-and shallow-water parts of lakes for mixed forests zone of Fennoscandia, the annual methane fluxes into the atmosphere from lakes of this natural zone and broadleaved forests zone are calculated (Fig. 3) . Data on methane fluxes into the atmosphere from lakes of these natural zones during the ice thaw and spring mixing of lake water are absent in publications. No studies have also been carried out to estimate the methane fluxes to the atmosphere by means of vascular plants from shallow-water parts of these lakes in the ice cover period. The value of the short-term spring methane flux into the atmosphere and the value of methane emission from shallow-water parts in the ice cover period from boreal lakes of the region are used as values of the similar methane fluxes from lakes of mixed and broadleaved forests zones. Our calculations show that these lakes emit from 2.5 to 11.4 gm -2 yr -1 of methane into the atmosphere. The annual contribution of mixed and broadleaved forest lakes of Fennoscandia to the methane budget of the atmosphere is about 63 KtCH 4 (Fig. 4a) .
Based on the obtained estimates, the small water bodies in Fennoscandia are the most intensive sources of methane per unit area among lakes. Methane emissions from these lakes vary from 4.3 to 16.2 gCH 4 m -2 yr -1 (Fig. 3) . A number of studies [6, 8, 14, 50 ] also point to significant methane fluxes into the atmosphere per unit area from small water bodies.
According to our calculations, the contribution of Fennoscandian lakes to the methane budget of the atmosphere is estimated as 320 ± 23 KtCH 4 per year. ) of the total methane emission from lakes of the region is made by northern and southern taiga lakes and mixed forests lakes (Fig. 4a) (Fig. 4b) .
The calculated values of methane fluxes into the atmosphere from Fennoscandian lakes of the various size classes are shown in Fig. 5 . The annual methane emissions from lakes with areas less than 0.1, 0.1-1.0, 1-10 km 2 are 53 ± 17, 65 ± 7, 83 ± 8 KtCH 4 per year respectively (Fig. 5a) . Lakes larger than 100 km 2 emit about 66 ± 9 KtCH 4 per year. Small lakes have higher methane fluxes per unit area into the atmosphere than other lakes of the region, the lower methane fluxes per unit area are typical for large lakes (Fig. 5b) .
According to [3, 19] the annual methane flux into the atmosphere per unit area of lakes located to the north of 50° N is estimated as 8.7 gCH 4 m -2 yr -1 . From the obtained estimate for the annual methane flux from the lake network of Fennoscandia, it follows that the methane flux rate from lakes of this region is estimated as 2.6 ± 0.2 gCH 4 m -2 yr -1 , which is about 30% of the annual methane flux per unit area of northern lakes. CONCLUSIONS Analysis of databases on water bodies of Fennoscandia showed that lakes of this region occupy about 124 × 10 3 km 2 . Small, medium and large lakes cover 5, 33, and 62% of the total Fennoscandian lake area respectively. It should be noted that lakes larger than 100 km 2 occupy about 41% of the total lake area in the region. Globally, the Fennoscandian lake area is 2.2% of the world lake network area and 6.1% of the total area for lakes located above 50° N.
Based on published estimates of the methane emissions from lakes in different natural zones of Finland and Sweden and on our experimental measurements of methane fluxes from lakes in the northern taiga of Karelia, the annual methane emission from the Fennoscandian lake network is obtained. According to the calculations, the contribution of Fennoscandian lakes to the methane budget of the atmosphere is estimated as 320 ± 23 KtCH 4 per year. Methane flux into the atmosphere from small lakes in the region equals 17% of the total methane emission from the lakes under study, from middle and large lakes amounts to 46 and 37% respectively. The methane flux per unit area from Fennoscandian lakes is estimated as 2.6 ± 0.2 gCH 4 m -2 yr -1 , which is about 13% of the average annual methane emission per unit area of the global lake network. The Fennoscandian methane fluxes are 8.9 ± 2.9, 3.6 ± 0.3, 1.5 ± 0.1 gCH 4 m -2 yr -1 from small, middle and large lakes respectively. Thus among Fennoscandian lakes small lakes are the most intensive sources of atmospheric methane per unit area.
Analysis of measurements of methane fluxes into the atmosphere from Fennoscandian lakes has shown that the bubble methane flux is an essential part in the total methane flux from these lakes over the warm period. Ebullition is estimated as 40-71% and 21-80% of the methane emission for the deep-and shallow-water parts of lakes respectively. During the ice cover period methane emission from shallow-water parts of Fennoscandian lakes by means of vascular plants reaches 11-16% of the annual methane emission from these parts of lakes. According to data on methane effluxes into the atmosphere during ice thaw on Fennoscandian lakes, it is shown that 16-37% of the annual total methane emission from these water bodies is carried out by methane produced during the ice cover period.
Observed climatic changes in the middle and high latitudes of the northern hemisphere have led the ice cover period on lakes to decrease, to changes in the intensities of biogeochemical processes in the lake water column and bottom sediments [51, 52] . Taking into account the tendency to increase of the methane emissions from northern lakes while reducing the ice cover period on them [19] , it is likely that the intensity of the methane effluxes into the atmosphere from the lake network of the region under study will be intensified with the expected climate changes.
